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In previous communications (Sevag and Shelburne, 1942)  it was shown that 
sulfonamide drugs  inhibited the aerobic respiration and  anaerobic glycolysis 
of Streptococcus pyogenes and the respiration of pneumococcus Type 1.  The 
inhibition of respiration could take place  in  the absence of growth.  In the 
presence of growth the inhibition of respiration and of growth occurred to the 
same relative extent.  It is, therefore, evident that the sulfonamide drugs in- 
terfered primarily with the respiratory enzyme systems of the bacteria studied. 
To dete:mine which enzyme systems are inhibited by the sulfonamide drugs, 
it is necessary to learn the nature of the catalysts associated with the respiratory 
functions of these organisms. 
The  present  study  shows  that  Streptococcus pyogenes and  pneumococcus 
Type 1 contain cyanide-sensitive respiratory systems which are different from 
the usual cytochrome c-cytochrome oxidase system.  I  The respiratory systems 
of these bacteria appear  to be similar  to that found by Keilin and Harpley 
(1941) in B. coli. 
EXPERIMENTAL  RESULTS 
Inh*bition of the Aerobic Respiration of Slreptococcus pyogenes and Pneumococcus 
Type I  by KCN, NaNs, and NasS.  The measurement of respiration of strep- 
tococcus and pneumococcus was carried out as described in the previous com- 
munications  (Sevag  and  Shelburne,  1942).  Glucose was  used  as  substrate. 
The results of numerous  experiments in  the  presence of  KCN  are  given  in 
Table I. 
The results show that the respiration of all of the virulent and non-virulent 
strains of Streptococcus pyogenes and pneumococcus Type 1 is strongly though 
not completely inhibited by 0.01  to 0.0001  ~  KCN. 
* This work was started under a grant from The Commonwealth Fund and con- 
tinued under grants from The Josiah Macy, Jr. Foundation and Merck and Co. 
x  In  addition  to  the  presence  of cyanide-sensitive  respiratory systems, Strepto- 
coccus pyogenes and pneumococcus Type 1 appear to contain also a cyanide-insensi- 
tive system (possibly  dehydrogenase-cozymase-flavoprotein  system).  This is borne 
out by the fact that aerobic respiration of these bacteria is not completely i~ibited 
by poisons known to be specific inhibitors of heme type ol enzymes. 
1 
The Journal of General PhysiologyCYANIDE-SENSITIVE  BACTERIAL  RESPIRATORY  SYSTEMS 
In experiments with pneumococci the presence of 0.01 M pyruvate  increased 
the respiration by  25 per cent.  This increase in the respiration is not due  to 
the metabolism of pyruvate  as substrate but is due to the removal by pyruvate 
TABLE  I 
Inhibition  of tke Aerobic  Respiration  of Streptococcus  pyogenes  and Pneumococcus  Type 1  by 
Potassium Cyanide 
Experiments  Bacteria]  strain 
1  C203M 
2  " 
3 
4 
5 
6  " 
7 
8  C203S 
9  " 
10  " 
11  C203R 
12  " 
13  " 
14  1685M 
15  " 
16  1685S 
17  " 
18  1048M 
19 
20  Pneu. Type 1 
21  " 
22  " 
Bacterial 
cells 
per test 
~g. 
1.39 
1.13 
0.72 
1.50 
1.27 
1.73 
3.48 
0.91 
0.91 
0.83 
0.94 
2.76 
1.54 
1.12 
1.54 
0.76 
1.91 
1.91 
0.90 
2.50 
1.83 
C.mm.02 
consumed during 
2 hrs.  Normal 
respiration 
158 
234 
182 
174 
165 
68 
257 
91 
97 
156 
61 
120 
186 
215 
151 
153 
124 
341 
346 
514 
844 
9O4 
Per cent inhibition by KCN 
o.o! M 
65 
83 
88 
90 
69 
71 
70 
0.001 
53 
74 
65 
67 
83 
82 
88 
46 
42 
32 
26 
50 
65 
63 
63 
60 
66 
60 
59 
40 
64 
63 
0.0001 M 
43 
52 
47 
40* 
60 
73 
24 
31 
38 
18 
17 
51 
33 
39 
45 
26 
34 
19 
13 
14 
* 0.00001 u  concentration of KCN gave 33 per cent inhibition. 
Each vessel contained 0.4 cc. of 0.1 ~r glucose, KCN as designated, 0.5 cc. yeast extract, 
0.5 cc. normal horse serum, 0.4 cc. of twice washed organisms (4 hr. cultures), and the total 
volume made to 5.8 cc. with phosphate buffer of pH 7.3.  0.3 cc. of 20 per cent KOH was 
placed in the alkali tube.  Controls containing no organisms were run on all vessels and the 
necessary corrections made. 
Experiments 6,  7,  13,  22, and 23 contained in  the alkali tube of the Warburg vessel a 
KOH-KCN  mixture which gave the same partial pressure of HCN as that of the mixture 
studied (Krebs, 1935). 
M  =  mucoid, S  ---- smooth, R  =  rough: strains of Streptococcus pyogenes. 
of the toxic H202 formed during the oxidation of glucose (Sevag,  1933).  The 
inhibition of  the  respiration  by  cyanide  in  the presence  of pyruvate  was  re- 
duced  from  52  to 38,  and  from 32  to  20 per cent,  with 0.004  M  and  0.001  M 
KCN  respectively. M.  G.  S~.VAG  AND  M.  SHELBURNE 
The results of the experiments on the inhibition of the aerobic respiration of 
Streptococcus  pyogenes  and pneumococcus Type 1 by sodium azide  are given 
in Table II.  The experiments were carried out at pH 5.9 to liberate the max- 
imum amount of hydrozoic acid.  It will be seen that 0.01 to 0.0001  ~r sodium 
azide  strongly  inhibited  the  respiration  of  both  organisms.  Pneumococcal 
respiration was inhibited to a  greater extent  than that of streptococci.  The 
results of experiments  (not given in Table II) carried out at pH 7.4 likewise 
showed that 0.01,  0.001,  and 0.0001  ~  sodium azide inhibited  streptococcal 
respiration,  76,  53,  and  15 per cent, respectively, and that of pneumococcus 
89, 31, and 13 per cent, respectively.  Inhibition with sodium azide appeared 
to be more pronounced at lower pH values. 
TABLE II 
Inhibition of the Aerobic Respiration of Streptococcus pyogenes and Pneumococcus Type 1 by 
Sodium Azide 
Strain of 
organism 
C203M 
cg 
C203R 
Pneum. 
Bacteria per test 
1.73 
3.48 
2.74 
2.18 
2.12 
C.m~, 02 
consumed  during 
2 hrs.  Normal 
respiration 
21 
88 
80 
719 
571 
Per cent inhibition by NaN~ 
0.01 ~t  0.001 M 
100  60 
92  80 
--  35 
97  97 
94  97 
0.0001 M 
0 
33 
33 
58 
74 
Each vessel contained 0.4 cc. of 0.I ~ glucose, NaNs as designated, 0.5 cc. yeast extract, 
0.5 cc. normal horse serum, 0.4 cc. of 4 hr. twice washed organisms,  and the total volume  made 
to 5.8 cc. with phosphate buffer at pH 5.9.  0.3 cc. of 20 per cent KOH was placed in the 
alkali tube of the vessel.  Controls containing no organisms were run on all vessels and the 
necessary corrections made. 
At pH 7.73,  0.01  ~  and 0.001  M sodium sulfide inhibited the respiration of 
Streptococcus  pyogenes  (C203M)  50  and  60  per  cent,  respectively.  Under 
identical  conditions  the  inhibition  of  the  respiration  of  pneumococci with 
sodium sulfide was, respectively, 33 and 8 per cent.  The results of experiments 
carried out at pH 7.4 were similar. 
Reversibility of the Aerobic  KCN Inhibition--A  suspension of Streptococcus 
pyogenes  was treated with  0.001  ~  KCN for 30 minutes, centrifuged, and the 
supernatant  discarded.  The bacteria were then washed in phosphate buffer 
and suspended in phosphate buffer solution.  The activity of the suspensi~on 
was determined in the presence and in the absence of KCN.  A control sus- 
pension which had not received any treatment with KCN was used for com- 
parison.  The respiration of the suspension which had been treated with KCN 
and  washed  showed  no  appreciable  difference  from  that  of  the  untreated 
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Inhibition of the Anaerobic  Glycolysis  of Glucose in  Pneumococcus  Type 1.- 
The anaerobic glycolysis of glucose in Streptococcus  pyogenes was not inhibited 
by either  KCN or NaN3 in three  out of four experiments.  In contrast,  the 
anaerobic glycolysis of glucose in pneumococcus Type 1 was inhibited by KCN 
(Table  III).  (The inhibition with 0.01  M sodium azide  was 21  per cent.) 
Experiments on the Presence  of Cytochrome  c-Cytochrome Oxidase System.- 
The strong inhibition  of the aerobic respiration  of Streptococcus  pyogenes  and 
pneumococcus Type 1 by well  known heine poisons such as KCN, NAN3, and 
Na2S would suggest that the respiration is  in part catalyzed by the heine type 
of oxidase sytem.  We were, however,  unable to demonstrate the presence of 
cytochrome c in these organisms using a  pocket spectroscope  with which the 
TABLE III 
Inhibition of tke Anaerobic Glycolysls  of Glucose by Pneumococcus Type 1 with Potassium Cyanide 
Organism 
1.  Pneumococcus  I 
2.  t~ 
3.  tc 
4.  tt 
Bacteria 
per test 
mg. 
3.00 
3.00 
0.99 
0.99 
C.mm. CO~  Per cent inhibition by KCN  evolved during 
hrs  Normal 
glycolysis__  __0'001  ~r  __0'0005  M  0.0002 
1632  ]  40}  28]  16 
1615  ]  40  I  22  I  14 
1920  ]  35]  25  I  12 
1565  1  26[  17  I  16 
0.0001 
0 
15 
6 
14 
Each vessel contained 0.27 cc. of 0.2 ~ glucose, 0.27 cc. of 1 m NaHCOs, KCN as desig- 
nated, 0.5 cc. of yeast extract,  0.5 cc. normal horse serum, 0.4 cc. of twice washed organisms 
(4 hr. culture), and the total volume made to 5.8 cc. with 0.9 per cent NaCI solution.  The 
system was adjusted  to a pH of 7.3 with a glass electrode.  Systems 2 and 4 contained also 
0.2 cc. of •/15  phosphate  buffer of pH 7.3.  The experiments were carried  out at 37.5°C. 
in an atmosphere of 95 per cent N and 5 per cent CO~. 
c bands of bakers' and brewers' yeast could be seen  easily.  We were also un- 
able to demonstrate  the presence of cytochrome c by measuring,  manometri- 
cally  and  colorimetrically,  the  oxidation  of  p-phenylenediamine  by  strep- 
tococcus and pneumococcus.  Our results  suggest  that  these bacteria  do not 
catalyze the O~-uptake by p-phenylenediamine.  The addition of cytochrome 
c to the systems did not influence the reaction. 
It is interesting to note that B. subtilis and B. proteus,  known (Stephenson, 
1939) to contain cytochrome c, also usually do not catalyze the oxygen uptake 
of p-phenylenediamine3  In contrast, B. pyocyaneus (Pseudomonas  aeruginosa) 
and  yeast  oxidized  p-phenylenediamine  readily. 
2 According to Frei, Reidmiiller, and Almasy (1934)  B. pyocyaneus contains a, b, 
and  c  cytoehrome components  and  gives  a  colorimetric  cytochrome oxidase  test. 
In contrast, their results with B. subtills were irregular.  Though certain cultures of 
B. subtilis spectroscopically showed cytochrome components a, b, and c, and gave a M.  G.  SEVAG  AND  ~I.  SHELBURNE 
Keilin (1929) showed that heated yeast contains an oxidase system which 
oxidizes p-phenylenediamine giving a  dark purple meriquinoid salt.  Keilin 
and  Harpley (1941)  stated  that  a  positive reaction is obtained only in  the 
presence of both a8 and c components.  Using  Keilin's method  (with  slight 
modification) we were able to  demonstrate that Streptococcus pyogenes, Esch- 
erichia coli, pneumococcus  Type 1,  and Staphylococcus  aureus,  which do not 
contain cytochrome c, fail to give positive color  reactions with  p-phenylene- 
diamine.  On  the  other  hand,  yeast,  B.  subtilis,  and  B.  pyocyaneus  which 
contain all the components of cytochrome reacted positively.  The only ex- 
ception to this latter group was B. proteus  which gave negative results  (see 
discussion). 
Streptococcus pyogenes and pneumococcus likewise did not catalyze the 03- 
uptake by hydroquinone (0.02 M) as a substrate for the cytochrome-cytochrome- 
oxidase system. 
Streptococci but not pneumococci catalyzed the oxygen uptake in the pre- 
sence of a 0.02 ~  solution of cysteine.  A suspension of streptococci in a con- 
trol vessel consumed only 5  c. ram. of 02 during 90 minutes at 37.5°C.  In 
the presence of cysteine at pH 6.9, 37 c. mm. of 03, and in another experiment 
67  c.  mm.  of O3  were consumed: an  increase of 5-  to  12-fold in  O2-uptake 
(these values are corrected for the auto-oxidation of cysteine). 
Tests  for  Copper-Protein  Enzymes  and  Xanthine  Oxidase.--Streptococcus 
pyogenes and pneumococcus Type 1 failed to catalyze oxygen uptake in the 
presence of tyrosine, adrenalin, pyrocatechin, xanthine,  and hypoxanthine,  show- 
ing  that  these  organisms  do  not  contain  either copper-protein enzymes or 
xanthine oxidase. 
A  Thermostable System with Peroxidase Activity.--It is known that numerous 
aerobic bacteria contain a thermostable peroxidase (Callow, 1926; Keilin, 1929). 
Farrell (1935)  showed that hemolytic streptococci contained a  thermostable 
peroxidase,  though  spectoscopically he  could  not  find  peroxidase  bands  in 
streptococcal suspensions.  In view of the fact that  7.2  X  10  -5  reg./co,  of 
heroin (1.1 X  10-  7  M) gives a positive peroxidase test (unpublished observation), 
the negative spectroscopic results do not indicate that the thermostable perox- 
weak colorimetric cytochrome  oxidase test, the cultures of three strains (i.e. Marburg, 
Hutten, and Michigan)  of B. subtilis in numerous spectroscopic  tests showed only 
a and b cytochrome components and failed to give cytochrome oxidase tests.  They 
stated that the presence and absence of cytochrome oxidase and the cytochrome com- 
ponents are controlled by: (a) the age and the degree of spore formation; (b) specific 
characteristics of the strains; and (c) certain unknown factors controlling the forma- 
tion of cytochrome during growth.  B. proteus contained cytochrome components 
a and b, and failed to give the cytochrome oxidase test.  A strain of Streptococcus 
hemolyticus contained neither cytochrome components nor gave a  cytochrome oxi- 
dase test. CYANIDE-SENSITIVE  BACTERIAL  RESPIRATORY  SYSTEMS 
idase in bacteria is not of the hematin type.  Using  Farrell's technique we 
obtained a positive peroxidase  reaction with boiled and unboUed, aerated and 
unaerated suspensions of Streptococcus pyogenes, pneumococcus Type 1, E. coli, 
and normal horse serum.  Even though the serum contained no visible hemo- 
lyzed blood, the positive peroxidase reaction which it gave would indicate the 
presence  of traces of hematin derivative. 
DISCUSSION 
Fujita and Kodama (1934) reported that cyanide and CO did not inhibit 
the respiration of Streptococcus hemolyticus,  Streptococcus viridans, and pneu- 
mococcus Types 1, 2, and 3.  Neither the streptococci  nor the pneumococci 
were  stated  to  contain any  of  the  cytochrome components.  Tamiya and 
Yamagutchi (1933) on the other hand, reported the presence  of cytochrome 
bands in Streptococcus erysipelatis  and in pneumococcus Type I.  Barron and 
Jacobs (1938) showed that 0.01 M HCN inhibited the oxidation of glucose by 
three strains of hemolytic streptococci,  while three other strains were found to 
be insensitive  to cyanide.  These results were emphasized  to show that dif- 
ferent strains of hemolytic streptococci  exhibited different metabolism.  They 
also showed that a strain of streptococcus  which was insensitive  to HCN be- 
came partially sensitive  to it on repeated transplantation over a period of 8 
months. 
In our experiments the aerobic respiration of Streptococcus pyogenes and pneu- 
mococcus Type 1 was  strongly inhibited by KCN, NaNs,  and Na,S.  The 
results with pneumococcus were in contrast to those found previously (Sevag, 
1933) with another strain of pneumococcus  Type 1 which was insensitive to 
cyanide.  It was also shown (Sevag, 1933; Sevag and Maiweg, 1934) that two 
strains of pneumococcus belonging to the same type exhibited different meta- 
bolism.  These  findings  show  that  our  observations  in  this  respect  are in 
agreement with those of Barron and Jacobs (1938). 
This inhibition of the respiration of Streptococcus pyogenes and pneumococcus 
Type 1 by heme poisons  might indicate a  cytochrome c-cytochrome  oxidase 
catalysis of the respiratory processes of these bacteria.  However,  these bac- 
teria were incapable  of oxidizing p-phenylenediamine which is known to be  a 
specific substrate for the cytoctirome  c-cytochrome  oxidase  system.  Except 
for an occasional weak catalysis of the oxygen uptake of p-phenylenediamine 
the results with E.  coli, Staphflococcus  aureus,  and B. proteus  were likewise 
negative.  Oxygen uptake measurements with B. subtilis in the presence of p- 
phenylenediamine gave also negative results.  These results are interesting in 
view of the fact that both B. proteus and B. subtilis are reported to contain 
cytochrome c.  Yeast  ceils invariably catalyzed this  reaction.  Addition of 
cytochrome c to the above bacterial and yeast reaction systems did not ac- 
celerate  their reaction. M.  G.  SEVAG  AND  M.  SHELBURNE 
The  oxidation of p-phenylenediamine  to dark purple merquinoid  salts on 
the other hand, was observed, with one exception, with all the organisms which 
have  been reported to contain cytochrome c, and negative results  were ob- 
tained  with  the organisms  lacking  it.  However, B.  proteus  which  contains 
cytochrome b and c components and lacks component a failed to give a positive 
test.  Pneumococcus Type 1, reported to contain cytochrome components a 
and b, but lacking component c likewise did not oxidize p-phenylenediamine. 
The above results show that Streptococcus pyogenes and pneumococcus Type 
1 contain cyanide-sensitive systems which are different from the usual cyto- 
chrome  c-cytochrome  oxidase systems.  Recent experiments by Keilin and 
Harpley (1941)  provide enzymatic and spectroscopic evidence for this view. 
B. coli manifested identical respiratory behavior in the presence of cyanide. 
According to these authors, B. coli showed spectroscopically the presence of 
cytochrome components al and a2, while  a,  b,  c, the characteristic  bands of 
the cytochrome system in yeast cells, were absent.  According to Keilin and 
Harpley (1941) a  complete cytochrome c-cytochrome oxidase system must be 
present to oxidize  p-phenylenediamine.  This involves the presence of com- 
ponents c and a and a3.  The last component is cytochrome oxidase proper. 
Component a3 is not always spectroscopically visible but apparently invariably 
present in systems containing component a.  In the light of the above inter- 
pretation the inability of B. proteus  to oxidize p-phenylenediamine can be ex- 
plained.  This  organism,  though it contains cytochrome b, and  c, lacks the 
the component a, and apparently the fourth component a8 which is considered 
essential for the oxidation of cytochrome c, and therefore of p-phenylenedi- 
amine.  Similarily  the inability  of pneumococcus and Staphylococcus  aureus 
to oxidize p-phenylenedlamine is apparently due to the absence of cytochrome 
c even though the components a  and b, and assumedly a8 are present.  The 
respiratory system of Streptococcus pyogenes appears to be similar to pneumo- 
coccus and Staphylococcus  aureus.  This requires further investigation. 
Wieland believed and sought to show that H~O, is one of the products of 
aerobic  biological  oxidation  reactions.  While  he  was  able to  demonstrate 
readily the formation of H20~ in cyanide-insensitive systems he failed to show 
this with systems containing heavy metal catalysts for the reason that catalase 
invariably was present.  Selective inhibition of catalase without inhibiting the 
respiration was not possible (Wieland and Sevag, 1933).  The results of the 
present study with the strain of pneumococcus Type 1 which forms hydrogen 
peroxide  (Scrag  and  Shelburne,  1942) appear  to  support  Wieland's point 
of view. 
Both B. coli and pneumococcns Type 1 appear to contain identical cyanide- 
sensitive respiratory enzyme systems.  However, while the formation of hy- 
drogen peroxide in pneumococci, which lacks catalase, is easily demonstrable, 
the formation of hydrogen peroxide in B. coli, which contains catalase, cannot CYANIDE-SENSITIVE  BACTERIAL  RESPIRATORY  SYSTEMS 
be demonstrated.  As far as we know,  the formation of hydrogen peroxide in a 
cyanide-sensitive  heine  type of enzyme system has not previously been  de- 
monstrated. 
Since the previous experiments  showed that sulfonamide drugs inhibited the 
respiration and growth of bacteria (Sevag and Shelburne,  1942; Sevag,  Shel- 
burne, and Mudd, 1942) to the same extent, a better knowledge of the nature 
of the respiratory enzymes appeared to be necessary to elucidate the difference 
in the susceptibility of various bacteria to the action of sulfonamide drugs.  It 
was found that in all the bacteria studied above the respiration was catalyzed 
by cyanide-sensitive  systems of  heme type.  However,  while some of these 
bacteria  contained  the  whole  cytochrome-cytochrome oxidase  system,  the 
others contained different cytochrome systems. 
SUMEMARY 
Aerobic respiration of Streptococcus pyogenes and pneumococcus  Type 1 are 
strongly inhibited by KCN, NuNs,  and Na~S.  The anaerobic glycolysis of 
glucose by pneumococcus  is also inhibited by KCN and NuNs. 
Streptococcus  pyogenes, E. coli, pneumococcus Type 1, B. subtilis, B. proteus, 
and Staphylococcus  aureus  did not catalyze the oxygen uptake by p-phenyl- 
enediamine in the presence  of added cytochrome c or in its absence.  Yeast 
cells, B.  subtilis,  and B.  pyocyaneus  oxidized p-phenylenediamine to a  dark 
purple  meriquinoid substance  in  contrast  to  the  other  bacteria mentioned 
above. 
Streptococcus  pyogenes  in contrast to  pneumococcus  Type 1 catalzyed the 
oxygen uptake by cysteine.  Neither of these bacteria catalyzed  the oxygen up- 
take by tyrosine, adrenaline, pyrocatechin, xanthine, and hypoxanthine. 
Streptococcus  pyogenes,  pneumococcus  Type 1,  and E.  coli,  boiled  and not 
boiled,  gave positive peroxidative tests with benzidine  showing the presence 
of hematin compounds. 
The results discussed  in the light of the interpretations offered by Keilin 
and Harpley show that Streptococcus  pyogenes and pneumococcus Type 1 con- 
tain cyanide-sensitive  respiratory systems which are different from the cyto- 
chrome c-cytochrome  oxidase system. 
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